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An age- and blood pressure-associated increase in
methylglyoxal (MG) and MG-induced advanced glycation
endproducts (AGEs), including Ne-carboxyethyl-lysine (CEL)
and Ne-carboxymethyl-lysine (CML), in the kidney of
spontaneously hypertensive rats (SHR) has been shown. In
the present study, gender-related changes in AGEs and nitric
oxide synthase were investigated in Sprague–Dawley (SD)
and stroke-prone SHR (SHRsp) rats. Immunohistochemical
analyses were conducted on kidneys from 24-week-old male
and female SD rats as well as SHRsp. The systolic blood
pressure of SHRsp was significantly higher than that of SD
rats. Male SD rats had more intense kidney staining for CEL
than female SD rats. Both male and female SHRsp had more
marked CEL and CML staining localized to kidney tubules, as
opposed to SD rats. Female rats showed more staining in
glomerular vessels than male rats in both SD and SHRsp.
Nuclei containing nuclear factor-jB (NF-jB) p65 and
activated macrophages were seen in the kidney from SHRsp,
not so much in SD rats, localized to renal tubules in male
and glomerular vessels in female SHRsp. A higher protein
level of NF-jB p65 was found in SHRsp than in SD rats. SD
rats had more intense kidney neuronal nitric oxide synthase
staining than SHRsp. The intensity of inducible nitric oxide
synthase staining was significantly higher in SHRsp than in
SD rats, with no gender differences in either strain. SHRsp
and male rats exhibited higher AGEs and oxidative stress
than SD and female rats, respectively. These differences
might partly account for the development of hypertension
in SHRsp and the higher vulnerability of male animals to
renal pathology.
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The kidney plays a major role in blood pressure homeostasis1
and possibly the pathogenesis of hypertension in sponta-
neously hypertensive rats2 (SHR) and other models of
hypertension such as deoxycorticosterone acetate salt-sensi-
tive hypertension.3 A number of enzymes including the nitric
oxide synthase (NOS) isoforms, cytochrome P450s, and
various ion pumps are involved in the modulation of renin
secretion and secretion/absorption of ions. An oxidative
stress-induced alteration in the function of one or more of
these enzymes/proteins can readily disturb the homeostatic
mechanisms operating within the kidney and lead to
increased blood pressure. Nitric oxide (NO), synthesized by
NOS, is an important vasodilator4 and renin secretion
modulator5 and can be considered as an antihypertensive
mediator. The gender of the animal has been shown to have
an important influence on the expression/activity of
endothelial nitric oxide synthase in the blood vessels6–8 and
the kidney,9 conferring protection to the female gender
against development of hypertension, atherosclerosis, and
cardiovascular mortality.10,11 It has been shown in humans
and animals that NO level is greater in females than in
males because estrogens not only stimulate NO production6,7
but also decrease inactivation of NO by oxygen
radicals.12 Post-menopausal females and males have reduced
arterial NO activity, which was restored to premenopausal
levels in females after 2 weeks of estrogen replacement
therapy.13
The impact of gender on renal disease has also been
observed in rats. Aging male rats show a reduction in renal
NOS compared to females14 and develop age-dependent
kidney damage, proteinuria and glomerulosclerosis, whereas
females and orchidectomized males are resistant to the
development of renal injury.15 Male rats have a greater
tendency, an androgenic effect, than female rats, to develop
proteinuria after chronic NOS inhibition.16 Also, male
stroke-prone spontaneously hypertensive rats (SHRsp) have
more frequent renal lesions and more severe renal
damage compared to female rats.17 The incidence and
prevalence of end-stage renal disease are higher in men
than in women.18
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The expression/activity of NOS is also altered in
hypertensive animal models such as SHR. Earlier studies
have shown increased reactive oxygen species, enhanced NOS
expression, and NO production in SHR. These findings
support the role of oxidative stress in the genesis and/or
maintenance of hypertension and compensatory upregula-
tion of the expression of endothelial nitric oxide synthase,
inducible nitric oxide synthase (iNOS),19 and neuronal nitric
oxide synthase (nNOS)20 in SHR.
There is evidence that oxidative stress is enhanced in males
compared with females.21–23 Plasma thiobarbituric acid-
reactive substances and urinary 8-isoprostaglandin F2a were
higher in men than in women,22 and male rats produced
more superoxide anions than females.23 We have recently
shown an age- and blood pressure-associated increase in
methylglyoxal (MG), a metabolite of glucose, and MG-
induced irreversible advanced glycation endproducts (AGEs),
Ne-carboxyethyl-lysine (CEL), and Ne-carboxymethyl-lysine
(CML), in the plasma and the kidney of SHR.24 However,
gender differences with regard to these AGEs are not known.
There are no data as yet on gender-related changes in CEL
and CML, which are precursors of oxidative stress.25 Also,
there is no study correlating gender-related changes in CEL,
CML, and NOS with hypertension development. In the
present study, gender-related changes in AGEs and NOS were
investigated through an immunohistochemical characteriza-
tion in Sprague–Dawley (SD) rats and SHRsp.
RESULTS
Basal parameters
The systolic blood pressure of SHRsp was significantly higher
than that of age-matched SD rats (Table 1). There is no
difference in blood pressure between male and female rats of
the same strain. The body weight of males was more than
that of females within each strain (Po0.001). In addition, SD
rats weighed more than age-matched SHRsp of the same
gender (Po0.001). The plasma glucose levels of male and
female SHRsp were 5.470.3 mM (n¼ 10) and 5.170.2 mM
(n¼ 6), respectively, which were comparable to those in age-
matched SD rats: 4.970.1 mM (n¼ 10) of male and
5.870.6 mM (n¼ 6) of female.
Increased MG-induced CEL and CML in the kidney of SHRsp
Using the immunohistochemical staining method, we
investigated whether MG-induced AGEs were increased in
the kidney from SHRsp. Figure 1a shows a more intense or
positive staining for CEL in the kidney from male and female
SHRsp, compared to age-matched SD rats of the same gender
(n¼ 3 for each age group). The staining intensity in male SD
rats was significantly higher than that in female SD rats
(Figure 1b). There was no difference between male and
female SHRsp. Both male and female SHRsp had more
marked CML staining in the kidney as opposed to SD rats of
the same gender (Figure 2). Most of the positive staining for
CEL or CML was localized to renal tubules in both strains.
Very little staining was observed in glomerular vessels of male
rats, and female rats had more positive staining in glomerular
vessels than male rats for both SD and SHRsp. The negative
(no primary antibody) and positive (control immune
globulin) control sections revealed no staining (not shown).
ED-1 and nuclear factor-jB
In SHRsp, activated macrophages could be identified in the
kidney, indicating an inflammatory state in its structure.
Positive staining of ED-1 was only detected in the renal
tubules of male SHRsp. As to female SHRsp, ED-1 staining
was only observed in glomerular vessels (Figure 3a).
Table 1 | Systolic blood pressure and body weight of SHRsp
and age-matched SD rats
Rats Gender BP (mmHg) BW (g)
SD Male 12073 583710
Female 11672 45278##
SHRsp Male 18475*** 38675***
Female 18073*** 27574***, ##
Values are mean7s.e.m. BP, systolic blood pressure; BW, body weight.
***Po0.0001, SHRsp vs. SD rats of the same gender, ##Po0.001, Female vs. male of
the same strain. (n=6 each group).
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Figure 1 | Immunohistochemical detection of CEL in the kidney
from SHRsp and age-matched SD rats. (a) CEL staining was
detected in kidney sections from male (left panel) and female (right
panel) SHRsp and SD rats. Large arrows indicate the representative
immunoreactivity in renal tubules, and small arrows show staining
in the glomerulus. (b) Intensity of CEL staining (n¼ 3 in each group).
*Po0.05, male compared to female rats of the same strain. #Po0.05,
SHRsp compared to SD rats of the same gender.
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Activated macrophages were not detectable in the kidney
from SD rats. Immunohistochemical staining revealed nuclei
containing nuclear factor-kB (NF-kB) p65 in the kidney
from SHRsp, and very little staining was detected in the
kidney from SD rats (Figure 3b). Positive staining was
localized in the renal tubules of male SHRsp, whereas in the
female SHRsp it was localized to the glomerular vessels.
Western blot analysis demonstrated that nuclearly loca-
lized NF-kB p65 was significantly higher in male SD rats and
SHRsp than female rats of the same gender (Figure 4).
nNOS immunoreactivity
SD rats had more intense kidney nNOS staining than age-
matched SHRsp (n¼ 3 for each age group) (Figure 5). The
intensity of nNOS staining was significantly higher in female
rats than in age-matched male rats of the same strain for both
SD rats and SHRsp. Positive staining was localized to the
glomerular vessels in female SD rats and SHRsp, whereas in
male rats of both strains the staining was only observed in
renal tubules. Negative and positive control sections revealed
no staining (data not shown).
iNOS immunoreactivity
Both male and female SHRsp had more iNOS staining than
age-matched SD rats of the same gender, but there was no
gender difference within either strain (Figure 6). Most of the
positive staining was localized to renal tubules in SHRsp.
Very little staining was observed in glomerular vessels.
DISCUSSION
Here, we show gender differences in markers of oxidative
stress and enzymes involved in blood flow regulation and
renin secretion in the kidneys of male and female SD rats and
SHRsp. These differences possibly contribute to the reported
greater protection of the female gender against development
of hypertension, atherosclerosis, renal damage, and disease
and cardiovascular mortality.10,11,15–18
SHRsp showed marked staining for AGEs, CEL, and CML,
in the kidney, despite normal blood glucose levels. AGEs are
precursors of oxidative stress25 and our findings support
elevated oxidative stress levels in SHRsp and SHR.24 More
importantly, male SD rats had an elevated level of CEL
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Figure 2 | Immunohistochemical detection of CML in the kidney
from SHRsp and age-matched SD rats. (a) CML staining was
detected in kidney sections from male (left panel) and female (right
panel) SHRsp and SD rats. Large arrows indicate the representative
immunoreactivity in renal tubules, and small arrows show staining in
the glomerulus. (b) Intensity of CML staining (n¼ 3 in each group).
#Po0.05, SHRsp compared to SD rats of the same gender.
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Figure 3 | Immunohistochemical detection of (a) ED-1 and
(b) NF-kB in the kidney from SHRsp and age-matched SD rats.
Positive staining of ED-1 was only detected in the renal tubules of
male SHRsp. In female SHRsp, the staining was only observed in
glomerular vessels (a). Micrographs show that a positive nuclear
NF-kB p65 signal was observed in male and female SHRsp, and very
little staining was detected in the kidney from SD rats (b) (n¼ 3 for
each group).
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compared to age-matched females. This gender difference in
CEL formation has not been reported before. This also
supports findings of elevated superoxide anion levels and
oxidative stress in male Wistar rats,23 and gender differences
in terms of oxidative stress levels in humans, using plasma
thiobarbituric acid-reactive substances and urinary 8-iso-
prostaglandin F2a as markers.
21,22 An elevated oxidative stress
has been associated with hypertension19,26,27 and can readily
disturb the homeostatic mechanisms in the kidney, which
contribute to blood pressure regulation.1 In our study,
antibodies against CEL and CML were used. The antibody
against MG-induced CML is less selective as this antibody
can also react with glyoxal (another dicarbonyl compound)-
induced AGE.28 In contrast, anti-CEL antibody is specifically
against MG-induced CEL and has been suggested to be a
good indicator of MG-induced AGE or glycoxidation
product.29 Gender difference in CEL and CML staining was
lost in SHRsp with an associated severe hypertension in both
male and female SHRsp (Table 1, Figures 1 and 2).
NF-kB p65, a marker of inflammation, was detected in
SHRsp but not in SD rats. However, Western blot analysis
demonstrated gender differences in nuclearly localized NF-kB
p65, even though they were significantly lesser in SD than in
SHRsp. Thus, NF-kB p65 was significantly higher in male SD
rats and SHRsp than female rats of the same strain (Figure 3b),
and may be one of the reasons for greater susceptibility of the
male gender to cardiovascular and kidney disease, including
male SHRsp.17 Moreover, activated macrophages were detected
in the kidney of SHRsp but not in SD rats. These findings are
consistent with the possibility that activation of NF-kB p65 and
renal interstitial infiltration of immune cells play a role in the
pathophysiology of hypertension.30 We have previously shown
that oxidative stress is likely involved in MG-induced activation
of NF-kB in vascular smooth muscle cells of SHR.26 However,
gender differences in this regard were not known. An
association of inflammation and hypertension has been
reported by elevated C-reactive protein, another marker of
inflammation.31 Lack of NF-kB p65 staining and hypertension
in the SD rats supports this association. Gender differences in
terms of the localization of NF-kB p65 and ED-1, a marker of
activated macrophages, in the renal tubules of male SHRsp and
in the glomerular vessels of female SHRsp, are notable and can
be speculated to indicate a more progressed inflammation in
the males, having originated from the blood vessels.
iNOS is normally associated with inflammatory states4
and this is supported by our observation of more intense
iNOS staining in SHRsp compared to SD rats. Increased
expression of iNOS in the kidney of SHR has been reported.32
Also, AGEs induce iNOS in glomerular mesangial cells.33 An
association between iNOS and hypertension is strongly
supported by our results.
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Figure 4 | Western blot showing the localization of activated
NF-jB in the kidney from SHRsp and age-matched SD rats.
(a) A representative Western blot of nuclearly localized NF-kB p65.
(b) Quantification of NF-kB p65 relative to b-actin (the y-axis depicts
the relative units). Data were taken from kidney tissues of 3–4
animals. *Po0.05, male compared to female rats of the same strain.
#Po0.05, SHRsp compared to SD rats of the same gender.
1
2
3
4
SHRspSD
#
#
*
*
In
te
ns
ity
 o
f n
NO
S 
st
ai
ni
ng
(×1
00
0 
ar
bi
tra
ry
 u
ni
ts
)
Male
Female
SHRsp
SD
Male Female
25 m
a
b
Figure 5 | Immunoreactivity of nNOS in renal tissues from male
and female SHRsp and age-matched SD rats. (a) Immunohisto-
chemical staining of nNOS. Female rats (right panel) show more
positive nNOS staining than age-matched male rats of the same
strain (left panel). Large arrows indicate representative immuno-
reactivity in renal tubules, and small arrows show staining in the
glomerulus (n¼ 3 for each group). (b) Intensity of nNOS staining.
*Po0.05, male compared to female rats of the same strain. #Po0.05,
SHRsp compared to SD rats of the same gender.
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The level of nNOS was higher in SD rats compared to
SHRsp. Increased34 and decreased35 expression of nNOS in
the kidney of SHR, compared to Wistar rats, has been
reported. Whereas the role of nNOS in renin secretion is
controversial, a number of studies have implicated NO,
derived from nNOS, stimulating renin secretion, especially
after chronic sodium restriction.5,36,37 The staining intensity
of nNOS was greater in female rats compared to male rats for
both SD and SHRsp. Moreover, SHRsp had lower levels of
nNOS compared to SD rats for both males and females,
which supports a previous report of reduced nNOS in the
SHR.35 This can be speculated as a feedback inhibition of
nNOS expression due to high blood pressure in SHRsp. In
the study by Kumar et al.35 gender differences were not
reported. The reason for a gender difference in nNOS within
a strain is not clear at present. Another important difference
between male and female rats, noted in our study, was
localization of nNOS staining. Most of the staining in male
rats was in the tubules whereas in female rats it was in the
glomerular vessels. Whereas tubular expression of nNOS has
been reported,20,34,35 localization of nNOS to the glomerular
vessels in female rats was unexpected, and is intriguing. The
functional significance of this difference needs to be
determined by separate studies. Gender differences in
expression of endothelial nitric oxide synthase in the kidney
and the vasculature are well established, and increased
vascular NO production has been proposed as affording
more protection to females against cardiovascular morbidity
and mortality.6–11
Although differences in the NOSs have been described
above, it might be worth pointing out that the age of rats
used in our study, 24 weeks, is within the reproductive age
and an influence of menopause, reportedly occurring after 18
months or about 72 weeks of age, can be ruled out.38
In conclusion, increased expression of CEL, NF-kB p65,
ED-1, and iNOS in male rats compared to female rats, or in
SHRsp compared to SD rats, strongly supports the conten-
tion that female gender has a better biochemical protection
against cardiovascular and renal morbidity and mortality.
MATERIALS AND METHODS
Animals
Male and female SD rats and SHRsp (24 weeks old) were used to
carry out this work. SD rats were used to fulfill our primary aim to
investigate gender differences within a given strain with a normal
blood pressure profile that was not genetically related to SHRsp.
SHRsp were used instead of SHR because the SHRsp strain develops
a severe form of hypertension and shows a high incidence of injuries
in different vascular beds, especially in the renal vasculature and
parenchyma. Such lesions are milder or even absent in the closely
related SHR. Moreover, male SHRsp have more frequent lesions and
more severe renal damage compared to female rats.17 These animals
were housed in a temperature-regulated animal facility and exposed
to a 12 h light/dark cycle, with free access to food and water. Rats
were treated in accordance with the guidelines of the Canadian
Council on Animal Care, and the experimental protocols were
approved by the Animal Care Committee at the University of
Saskatchewan. Systolic blood pressure was determined weekly using
a standard tail cuff noninvasive BP measurement system (Model
29-SSP, Harvard Apparatus, St Laurent, QC, Canada).
Tissue preparation
At the end of the study, rats were anesthetized with sodium
pentobarbital (60 mg/kg body weight) intraperitoneally. Rats were
perfused with heparinized phosphate-buffered saline, followed by
phosphate-buffered saline containing 4% paraformaldehyde. Kidney
tissues were dissected out immediately and kept in the same fixative
solution overnight. Samples were then incubated in a 30% sucrose
solution for 3 days at 41C for cryoprotection. After embedding in
22-oxacalcitriol compound (Somagen Diagnostics, Edmonton, AB,
Canada), 8-mm thick cross-sections were cut using a cryostat,
collected on gelatin-chrome alum-coated slides and stored at 201C
until further processing.
Immunohistochemistry
CEL and CML staining. Immunostaining was performed using
the method described in our previous study.39 In brief, frozen sec-
tions were permeabilized with 0.1% Triton X-100 in phosphate-buffered
saline for 5 min after three washes in 0.1 M phosphate-buffered
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Figure 6 | Immunohistochemical (a) detection and (b) intensity of
iNOS staining in renal tissues from male and female SHRsp and
age-matched SD rats. Large arrows indicate the representative
immunoreactivity in renal tubules, and small arrows show staining in
the glomerulus. (n¼ 3 for each group). *Po0.05, male compared to
female rats of the same strain. #Po0.05, SHRsp compared to SD rats
of the same gender.
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saline. Nonspecific antibody binding was blocked by incubation for
30 min with normal goat serum diluted at 1:30. After overnight
incubation with either monoclonal anti-CML antibody or anti-CEL
antibody (Novo Nordisk, A/S, Denmark) diluted at 1:100, the slides
were washed 3 times and incubated with anti-mouse IgG-fluorescein
isothiocyanate (Sigma, Oakville, ON, Canada) diluted at 1:200 for
1 h at room temperature, followed by another three washes. The
slides were mounted in phosphate-buffered saline–glycerin (7:3 v/v),
coverslipped and examined under a fluorescence microscope with
the appropriate filters.
ED-1 and NF-kB. Frozen sections were immunostained by using
primary antibody ED-1 (Serotec, Raleigh, NC), a marker for activated
macrophages, or anti-NF-kB p65 (Transduction Laboratories, Lex-
ington, KY, USA) that recognized the nuclear localization signal on
p65. ED-1 staining was detected by Cy3-conjugated affiniPure goat
antimouse IgG (Jackson ImmunoResearch, WestGrove, PA, USA), and
NF-kB staining was demonstrated by the avidin–biotin–peroxidase
(Vector Laboratories, Burlington, ON, Canada) detection system.
NOS staining. Kidney tissue sections (8 mm) were incubated
with either monoclonal nNOS antibody or polyclonal iNOS anti-
body (Calbiochem, San Diego, CA, USA) diluted at 1:200. Anti-rabbit
or anti-mouse IgG-FITC diluted at 1:200 was the secondary antibody.
Quantification of staining. The intensities of staining were
quantified using GeneTools image analysis software (PerkinElmers,
MA). For each animal, 30 spots of each micrograph, with 10
micrographs of each section and three sections of each animal, were
analyzed and the average value was used to express the intensity of
staining.
Western blot analysis. Proteins were separated on polyacryl-
amide gels by using a minivertical electrophoresis system (Bio-Rad,
Hercules, CA, USA) and transblotted onto polyvinyldifluoridene
membranes, and membranes were then incubated with the
appropriate primary antibodies, followed by incubation with a
horseradish peroxidase-conjugated secondary antibody (Bio-Rad) as
done before.40 Proteins were visualized by using the chemilumines-
cence substrate kit (Amersham Biosciences), and quantified by using
the UN-SCAN-IT GEL automated digitizing system (version 5.1,
Silk Scientific, Orem, UT, USA). The membrane was reprobed with
anti-b-actin (Sigma). Quantification was relative to the b-actin. For
quantification of nuclearly localized NF-kB p65, nuclear extracts
were obtained by using the NE-PER nuclear and cytoplasmic
extraction kit (Pierce, Rockford, IL, USA) as described.26
Data analysis. Data are expressed as mean7s.e.m., and
analyzed using Student’s t-test or one-way analysis of variance
in conjunction with the Newman–Keul test where applicable.
Significant difference between treatments was defined at a level of
Po0.05.
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